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rr ~ n i s  research s t u a i e s  t h e  syr'thesis ark c h a r a c t e r i z e t  :oti of s:r~r,~;:y pg:ar:ssble, 
extremely s t n b l e  d i spe r s ions  of magnetic m r i i n  i n  a f; i i i  c s r r i t r .  SL,C~-, f;l;ias 
containing p a r t i c l e s  i n  t h e  s i z e  range 5 3  t o  3110 angstron:: xre proriucea by w e t  
grir1dir.g of f e r r i t e  powders i n  a k a L  sill. The f ld las  have a sati_tratlon 
nadne t i za t ion  on the o rde r  of 190 gauss a t  e v i s c o s i t y  of  i0 cent;poise. Tie 
v i s c o s i t y  may be reduced by a process of dialysis i n  vni& iir,~ers:zea n a t e r i a i  I s  
removed. Elec t rodepos i t i on  of i r o n  i n t o  mercury y i e l d s  EL riagnetlc c o l l o i d  
cha rac t e r i zed  by a p a r t i c l e  s l ze  of 53 angstroxs,  a magnetic ~ o n e n t  BS h i &   is 

730 gauss, and a v i s c o s i t y  wnicn i s  shear i e p z c i e n t  mici ra:i.-;es 11-~ the S - l ~ ~ s ~ ~ , k  2;' 
cen t ipo i ses .  There i s  some evlder.ce that bismutk a c d l t l v e  g r e a t l y  reduces t h e  
v i s c o s i t y .  A t h e o r e t i c a l  treatment recovers average s i z e  ana s t anaa ra  aeviatior.  
of p a r t i c l e  s i z e  from magnetization curves.  



This is the first of a ser ies  of q jmr ter ly  r epor t s  mI-ier a cor , t ract  w l t i ;  t h e  
k i t i o n &  Aeroriautics and Space Ac5ainistratlor. t o  groviae resezrck  ir i  tile sj.riti;csls 
ana characterization of magneticaily poiarizable co;loiah;. f l i i ias.  

Major personnel who participated in the effort tnis qmrter were 2. J.W. Xestor, 
Dr. R.E. Rosensweig, Mr. N. Sheppard, and Mr. C. Panza. 
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The objective of this work i s  t o  syntPL;;.3ize aria ci1arxtt:r'i ze experlmer,ta;:y 
t h e o r e t i c a l l y  t h e  phys ica l ,  c h e ~  ca i ,  ails n;agiv?tlc propertias of f i l l i d s  k , -&vL  7 :i 

s t r o n g  magnetic response a n a  t o  ciefine the  pro2erties ana ciscover ii;e laws '.r3 
r e l a t i o n s  which govern t h e s e  f e r r o f i u i d s .  Special  e f f o r t  -+Jill be maae to ai*? Lev? 
high magnetic moment simultaneous with h igh  f l u i d i t y .  
magnetic s t r e n g t h  of these  f iuir is  csnsictent with t h e i r  s t a b i l i t y  w i l l  be st;i+<,'iea 
t h e o r e t i c a l i y  and exper imenta l ly .  

Ultlxate Limits to the 

.( (? ,)-. 1. 

2.  

Neuringer, J . L .  and Rosensweig, i i .E. ,  Physics of F l u i d s ,  1964, 1, p .  A ? t , .  

Resler, E.L., Jr., and Rosensweig, R.E. ,  A . I . A . A .  Journa l ,  i964, - 2,  7 .  if+;'<. 
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General 

A l abo ra to ry  devoted exc ius lve ly  t c  tiiene fcrrof;x;ci stui,ss has been z,scle 
a v a i l a b l e  and a po r t ion  of tnis qiarter. ;  ef i 'cr t  Cevoseci t o  ciesig:., ~ o : - ~ s t r ~ c t l o r . ,  
and i n s t a l l a t i o n  of equipcent .  Production of 'cotn orcanic  and rce ta i l ic  f e r ro -  
f l u i d  i s  underway and phys ica l  propert ies  of some of t h e  n i i t e r i a i  w a s  ohtalnea.  
Analysis of the  data has been c a r r i e d  out where u s e f u l  f o r  o r i e n t a t i o n  of t he  
program. 

New Laboratory Equipment 

Raw ground f e r r i t e  mater? a i  I s  ceiltr:fiir..2d v i t n  Lo;r i ies La?&; cer,tri:'qe t;!iatY 
provides 17,009 Gees w c e l e r a t i o n .  krltr;f-+;eil -iyi>5 :~.iiy Sc c\3:;centrate6 ~ t z c ~ g h  
a process of vacTJum evaporat ion.  Fcir tn ls  p ~ ~ p o s e  two R-r.co rotYr-::zg iilgr, 
vacuum-type evaporators  were ins ta l led .  together  xitr, srlci;l-sry heET:rLg 'cstts, 
co ld  t r a p s ,  and vacuum pun?. Each ev&>orator has a ~ o i 1 ~ ~ . e  of IAYJ z A l l l l l i t e r s .  
These evaporators  e:imiriate bumping ar.2 n:ter,.;iant hot s-;)otJ wL6 ptlrmlt evci;?orr.T< oi, 
t o  occur more r a p i d l y  o r  a t  lower t enpe ra tu res .  ';?ley opcrate  or; the  p r i c c i 2 l e  
of spreading  a t h i n  f i lm over a h r q e  surface a rea  ancl S'Jbci*2?tt!7E the  fila t o  a 
reduced pressure .  

- .  

- ne-.  

i 
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An e l e c t r o l y s i s  c e l l  was constrilc%xi for trie p r q s r o t i o r ,  of mii,-,:ietic irierc z y  
co l lo id .  The c e l l  accomcdates  50 t c  i5t3 nlllll-ters of merc-dry I n  6. f i a t  
pool which se rves  as a cathode for ekct ro ;ys ; s  from ~ ; L \ ~ O L > S  s c lu t lo r , .  A n  
kmco i r o n  anode having ti'e s9ni.z area is 2 o s i t l o s e d  Fibo-Je t I ;e  w r c u y  s d f a c e  
t o  produce a uniform cu r ren t  d e x s i t y .  
t o  promote forna t ion  of sphe r i ca l  partic;?; arlci t ne  eel;  is lru-aerr.ea i n  a 
constant  temperature ba th .  

The f ie rcur :~  r;,,iitaiea by ii s t ; r r e r  

V i scos i ty  determinat ions are done with capl;;arjr tlibe vlscocleters of ti-,e 
Ubbelohde type and t h e s e  are i m r s e a  i n  ano3ier con=tar,t t enqe ra tu re  'cath. 
Determination of nigher  v i s c o s i t i e s  ark c k s r a c t e r l z a t i o n  of nor,-Xevtoclan flu1cis 
i s  performed k 5 t h  a Broc;cfie;a R\i vlscoaeter. 
on order t h a t  will permit shear  r a t e  t o  he 'ki-,ok?-~ Ir, t e r m  or' i nve r se  secocds 
r a t h e r  than arbitrary u n i t s  of Z'bI of spir.dle ro%&:lori. 

S?ecla; cyLiLdrica1 apir,aies are 
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C. 

1. Orcanic F e r r o f l u i a  

2 .  Mytal l ic  F e r r o f l u i  d 
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An e l e c t r o n  m i  crot;ra?h of n i cke i  z i  nc f e r r i t e  ( Curie tempertitwe 9S-lr;;°C) 
d i spe r sed  in kerosefie and s t a b i l i z e d  w i t h  o l e i c  ac id  w a s  exrmlnec; to deterzlrie 
t h e  d i s t r i b u t i o f i  of p a r t i c l e  sizes. 
t h e  number d i s t r i b u t i o n  funct ion whicn g ives  the f r a c t i o n  of particles w i t n  
diameters between D ana D + aD ppr iccrernent d3. 
d i s t r i b u t i o n  func t ion  f o r  p a r t i c l e  volumes. 

%e Ltata were processed t o  y i e l d  f & ( 2 ) ,  

&so obtained was rV(D), the  

CLD I 
0 

The two d i s t r i b u t i o n  funct ions are reirl tea as f o l i o w s ,  proviaea tne gartic;es are 
all s i m i l a r l y  snaped. 

0 

A simple exponent ia l  used t o  fit  the  data i s  of the foi lowing form: 

where f N ( D )  and D* are cons t an t s .  From Eq. (1) it i s  requireli  that f - - l q ' l  h\UJ - - , -  /'T>* 
so t h a t  

-8- 



* <  "he d a t a  gave a v a l u e o f  2 
average p a r t i c l e  s i z e  % s ince  

= 05 aiigstr9n.i. This i s  t h e  sane as t h e  nxrsjer 

I7 0 

An a n a l y t i c a l  express ion  f o r  fv( 2) foilows from ( 3 )  and ( 5 )  as 

C;b? = 

... ,-Y This f jmc t ioc  passes  through a mxtziiii  it u' = ;a , hence orl t i l l s  b a s l s  the  t y 2 l c a i  
particle size ap-pars t o  be iarger_th,;:i n:gkt be assoc ia t e6  wit:? a p l o t  of f x ( 2 ) .  
The volume averaged p a r t i c l e  s i z e  q, i s  given bj. 

c c 

Thus, while rtry. = 65 angstroms t h e  w i d e  of Dv = 213 A' f q r  tt;e sanple s t u d i e a .  

4.  

The p a r t i c l e s  i n  a f e r r o f l u i d  as currently prod;icea tiaw a d i s t r i S u t i o n  of sizes. 
!%e f ~ l l c ~ l . ; , n &  b r i e f l y  describes a r;eans f o r  6na;yzi ng rriagnetlzation d a t a  t o  
determine c e r t a i n  c n a r s c t e r i s t i c s  of t h e  initially unkriom distribution. ';"fie 

r e su l t s  of a determination are also g iven .  

"ne Langevin Funct ion L( a) descr ibes  the  :,et a: i,:;,n;ent averaged over a co: lecti on 
of non- in t e rac t ing  p a r t i c l e s  of uniform s i z e  tri response t o  a2 a p p l i e c  f i e i a  ti 
when s u b j e c t  t o  thermal d i s o r i e n t a t i o n  a t  temperature T. 

-9 - 



where v is  t h e  subdomain p a r t i c l e  v o i u m ,  Xs i s  t h e  s?ontarAec:s n a g n e t i z a t i o n  
of 8 domain, i . e . ,  t h e  magnetic mcnent p e r  u n i t  v o l m e ,  and k i s  t h e  3o;tz;lihnn 
cons t an t .  I n  low f i e l d s  t h i s  becomes 

where M i s  t h e  bulk magnetic moment per u n i t  vo;uii,e and 6 
of magmtic  material. A t  t h e  Dther extreme of h igh  RppLled. f i e l d s  one has 
in s t ead ,  

t h e  packifig f r a c t i o c  

For a f e r r o f i u i d  con ta in i cg  a d is t r ibAt io :J  of s ize ;  ~eszr ; ' cec  c y  G d i s t r l h i t l c r .  
func t ion  f( v )  wnich s p e c i f i e s  tile vqlline of partlc;es per v o l - a e  cf f e r r a f h 5 2  LLI 

per u n i t  increment dv of psr t ic ;e  size, the rna&x?tlz&tior. is &ven by t h e  f ~ i l ~ k ' i r . g  
i n t e g r a t i o n  over  t h e  d i s t r i b u t i o n  functior, as weighted. 5y tne  Lclrigevin Ifunctlor, 

Thus for  high app l i ed  f i e i d s ,  using (11) and carryit ig,  cut t h e  integration one 
obtains 

-10- 



A corresponding t reatment  i n  t h e  case of l o w  fields using (io) and ( 4 )  gives 

3 ,  

The s t a t i s t i c a l  var iance of volume is  given . t'y pa(!+ = and np.nce from ( 14 j 
and (16) one obtairis f o r  t he  r a t i o  0:' star-.dard. cieviatlori *<o the n e m ,  



5 .  Dial.ysis 
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A ma,jor problem i n  t h i s  i nves t iga t ion  i s  t o  -,t;uy T ; ~ ~ T L ; S  f o r  reahcin,; the 
v i s c o s i t y  and inc reas ing  t h e  matyet .zrLt lor ,  of t k e  :crrqf;iA%ds. hVr-,er1 11s -3,: FL 

given macneti c material t h e  rnab7netl:ation xzy ' t e  ;I;rlrpa<eu D:J Lncr-w;:lg ti,e 
s o l i d s  loading  and t h i s  wi;: a l s o  ;:,va5FbA;; irLL?rease the co;;oic vi;cor;it::. 
T h e o r e t i c a l  p r e d i c t i o n s  are heipfcll for aeterrr,:zir-,'; >tie viscos;ty of a f i b i d  
containing suspended pa r t i c l e s .  'ine ea r l i e s t  I s  that of E i n s t e i n 3  whicn was 
der ived  by solving the f l o w  f i e l d  of pilre s t r a in  per turbed by the presence of 
a sphere.  

. .  

The result r e l a t e d  mixture v i s c o s i t y p 3  to so lven t  v i s c o s i t y  
solids f r a c t i o n  , P + 

This r e l a t i o n s h i p  i s  vailci only for S G d i  c'c\.ic?r-iTrfitiox, sdcr, ti ,at thp rBn;8r: :- 
of p a r t i c i e s  i s  snail cozrpsr?d t o  +,:*e rea:. ~ ~ i s i a r i c ' ~  of separation. 
concen t r a t ions  one may co:.slaer t h e  praceii lrc or' De2rLyi-i aria assume a 
f u n c t i o n a l  r e l a t t o n s h i p  of the type: 

n f o r  ni&-ler 

For very  small values of p i t  i s  Irisiste? t h a t  tiiis eq:;atlo;i reiiuce t o  E:r.skit , 'E 
which thus  d e t e r ~ n e s  a = -2.5. 
packing t h e  f l u i d  mixture becomes r i g i d  a l a  so  t h e  fiili6ityp/ys 
zero. This determines tine constant  -t, as: 

A t  sme concentratfon#G I c t t i c a t i v e  of c lcse  
goes t o  

Hence t h e  v i s c o s i t y  r e l a t i o n s h i p  ( /? 1 can be w r i t t e n  AS: 

3. 

4. 

E i n s t e i n ,  Albert, " Inves t iga t ions  on the Tr,i.ory of the Brownian Xc~vener~t ' ' ,  
1956, p .  12 (Rew York: Dover Publ ic r i t ions ,  :KC.) 

%?e b u f l ,  H.R. ,  "Colloid Science" 1552, Vol. 7 .  p .  351 ( X e w  York: E lsev ier  
" . + . l i s h i n g  Co.) 
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DeBruyn used the vaiue 
spneres  . = 0.74 correspocaing t o  hexagonal closo-pack+d 

For kerosene with 19% by V o i u x  Oi? ferr:tz, Zq. ( 2 2 )  w i t ' r ,  = 3.10 coaput.?., 
rs ho = 1.31 whereas tt.e nessureg v ~ d t i f  fo r  h mng'i!:t3se zlr,c f e r r i t e  co;:n;c 

prepared i n  our  e s L i e r  uork is t h e  z1,cn ?h:[:i;er v a l u ?  of 11.; carres>G:m;ng 
t o  kerosene v i s c o s i t y  of 1.' ?t>ntl?a;se arLa i n :x t~ re  visco;it;. of lvr.8 recti20,:e. 
It i s  reasonable t o  expect i m t  tne  aosor'wa lFzyer 0 2  o i e i c  acid I s  e f f e c t i v e  
i n  inc reas ing  t h e  r i g i d  v o l m e  of  t t e  sus?endea part;cles s i n c e  t h e  lerigth of 
an o l e i c  a c i d  molecule has beeri deterr;lnea i o  be 11.2 
p a r t i c l e s  of r a d i u s  r, wheri present I n  such q u s n t i t y  as t o  give a volume 
f r a c t i o n  
occupy a f r a c t i o n a l  volume i n  t h e  f l i i t d  of :  

Uncoated spnerica; 

, w i l i ,  when coatea with a uniform layer of th i ckness ,  8 , 

Accordingly, it i s  planr,ej. t o  st.iiCy tile naxs1-e of mIt,ertd ;:e:ieratec ir, t h e  
g r i n d i n g  process  as a funct lon of tine w i t h  tile ob:,ect;ve of seek.ing 
a1-1 optimuro L i m e  GO t e rmica te  t n e  ,qrina',ng. I t  is siso ? lhnned  to vary 

5 .  Taylor ,  H.S. and Glasstsne, S .  (Eds.), "A Trco t I se  on Piiysica-2 Zherci:;try" 
1951 Third Ed i t ion ,  Vol. 11, p .  5 8 8  (:Jew YorX: D. V a n  Nostranci Company, S f i t . )  

-14- 



I -  
~ 

t h e  nature  of t h e  s u r f a c t a n t .  
f r a c t i o n a l  c e n t r i f u g a t i o n  w i i i  t e  considered cis ci;: a l t e r ~ e t e  ?.ecr.r!i<ce. 

I n  t h e  case of t h e  mercury wnalgms it is p;anned t o  v ~ - y  ? a r t i c l e  s i ze  9r1c 
study t h e  e f f e c t  on v i s c o s i t y  i n  a series or' t empra tare  ~&n;; runs .  
on t h e  data of Lubors'ky 
soaks a t  t h e  i n d i c a t e d  temperatures w i l l  give the  correspon6ifig p a r t i c l e  s l z e s  
as shown i n  Table 11. 

Further  dialysis s t u d i e s  LIP: plnn:,ea, ;ici 

B a e d -  
(see h i s  FIG. 3)  it tippears t h s t  successlve one Gay 6 

It i s  a l so  planned t o  more c a r e f u i i y  S t a c y  - I  The e f f ec t  of k i s ~ ~ i t , ? ~  adaltive ofi 

t h e  p r o p e r t i e s  of t h e  mercury c o i l o i a .  
m e t a l l i c  a d d i t i v e s  may be t r i e d .  Tor  e>rm?;e, t he  fo-.-ov,r,;; r i e tah  60 n o t  
form compounds w i t h  i r o n  and have the Ina i ca tyu  so;Ubl;ities IT. zer:Gr;; iT, 

25 OC. 
p e r c e n t ) ,  and s i l v e r  ( .035 p e r c e n t ) .  

roilouini-r, t h i s ,  a nixi3er ol' o the r  - _  . 

They are lead ( 1 . 5  weight p e r c e n t ) ,  c a r h i m  ( 6 p e r c e n t ) ,  I n d T w ~  ( Sf 
Tne s o l u b i l i t y  of Sisxxtr, i s  1 . L  percerit .  

6 .  Luborsky, F.E., "The Kinet ics  of Growth of Spiiericai i r o n  Z r y s t a l l i t e s  
i n  Mercury", J1. of Phye. Cnem. 2, 1336 (1957). 
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